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Surface resonances versus surface states on(E&0)
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The spin-dependent surface electronic structure of ferromagndtid Gés investigated experimentally and
theoretically. Spin-resolved, inverse-photoemission results show a complex multipeak structure close to the
Fermi level. Part of it is surface derived with an unexpected spin dependence and light-polarization depen-
dence. The puzzling experimental findings are interpreted on the basis of a comprehensive theoretical analysis.
Electronic slab calculations find surface-related features, caused by the crystal-vacuum interface, only well
below the Fermi level. Calculations of thimverse photoemission intensities within the relativistic one-step
model based on a bulk band structure, but with a realistic surface barrier, reveal an additional surface resonance
around the Fermi level. Its nearly vanishing exchange splittirﬁand abnormal energy dispersion behavior
as a function of the wave vector parallel to the surface are in accordance with the experimental findings.
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[. INTRODUCTION from very few exceptions, the measurements are successfully
described on the basis of bulk-band transitions af6n#’
The discovery of new and fascinating properties that apOne spin-integrated PE study, however, reports on a surface

pear in magnetic systems of reduced dimension, triggeregate at 0.15 eV belo& at .2 In another PE investigation
experimental as well as theoretical investigations to describgjith spin resolution, a minority surface feature was observed
the observed phenomena on the basis of the spin-dependefit( 5 o\ belowEy at 0.9 H .22 which was predicted by a

electronic structuré.With decreasing size of the magnetic ti(?ht-binding calculatior?® In the calculations, the surface

structgres, surface and interface effects becqme MOT€ aNGate starts from 0.4 eV above the Fermi level'and dis-
more important and so does the surface and interface elec-

tronic  structure. Photoemission(PE) and inverse- perses to 'OWeT energ_ies along theHd direction. Although .
photoemissior(IPE) probe the states in the vicinity of the the corresponding majority partner was predicted as well, it

Fermi levelE,, which are responsible for a variety of mate- was not observed experimentally. Calculations within the

rial properties, in particular, for the magnetic moments of theone-step model of PE support the existence of a minority
prop NP ' . i~ . .~ . “surface structure, whose appearance depends critically on the
3d ferromagnets Fe, Co, and Ni. While many investigation

Sparticular shape of the chosen surface poteftisery re-

are devoted to more and more complicated systems duringe )y spin-resolved PE finds surface-sensitive features be-

rgcent years, the present study degls with the' relativelyg,,, Er, which are interpreted as beingd Aderived?® In
simple F&€110) surface whose electronic structure is Contro'spin-average?&’” and spin-resolved IPE measureméhitm
versially discussed up till now. Inspecting the literature angyidence of a surface-state emission clos&avas found.
eXtenSiVe IPE database iS aVaiIabIe fOI’ Simple metals, CO|- The identiﬁcation Of Surface states C|Oseﬁp at ferro_
lected by several experimental and theoretical gréupst  magnetic surfaces is more complex than at the simple metals
only few studies deal with ferromagnets. Here we focus orowing to the 31 bands’® The unclear situation described
the unoccupied states, using the experimental technique @bove motivated us to start a detailed and comprehensive
spin-resolved IPE that has been developed into a powerfuhvestigation of the surface electronic structure of1#€).
tool over the last almost 20 yeat$. To be able to distinguish unambiguously between image-
On ferromagnets, crystal-induced surface states may dpotential-induced surface states and crystal-induced surface
rectly contribute to the magnetic properties of the surfacestates and resonances, we decided for a combined theoretical
provided they are exchange split with a nonequal occupatioanalysis, which consists of both electronic slab and one-step
of the majority and minority componemnts$. In contrast, photoemission calculations. The first method allows to iden-
exchange-split surface states with both majority and minoritytify surface states derived from bulk bands and caused by the
components completely filled or empty serve as sensors afrystal/vacuum cutoff. To deduce surface resonances, a so-
the surface magnetic properties but do not influence the ngthisticated analysis with carefully defined criteria is needed.
spin density responsible for the magnetic monfettSince  Such an analysis must be able to distinguish undoubtly be-
Ni(111) and C@00037) with their hexagonal surface geometry tween surface states and resonances. Even with a successful
exhibit surface-derived states close to the Fermi I8v&l!® identification, theE(k)) dispersion that is sensitive to the
a similar behavior is expected for the(E&0) surface with its  shape of the surface barrier is not expected to be reproduced
twofold but almost hexagonal symmetry. However, the ex-correctly. The calculated)PE spectra, on the other hand,
perimental results reported for @40 so far are not conclu- use a realistic surface barrier and, in addition, give the spec-
sive with respect to crystal-induced surface states. Apaitral densities because they include also the matrix elements

0163-1829/2002/68.8)/18441210)/$20.00 65184412-1 ©2002 The American Physical Society



J. BRAUN, C. MATH, A. POSTNIKOV, AND M. DONATH PHYSICAL REVIEW B65 184412

of the related optical transitions. Thus, we are able to deajong the[110] direction with no indication for magnetic
scribe the energetics of image-potential states as well a$omain formation.

crystal-induced surface resonances and surface states. A final spin-resolved IPE provides experimental access tokthe
comparison between both calculational schemes, in additiopesolved, unoccupied, spin-dependent electronic structure.
with a careful cross-check on the experimental data gives ugpin-polarized electrons emitted from a GaAs photocathode
the possibility to extract all resonancelike surface featuregmpinge onto the sample with a defined angle. The diver-
that may exist on this metal surface. The paper is organizegence of the electron beam is estimated to be between 2° and
as follows. Section Il describes the experimental details 05° gepending on the actual parameters of the electron op-
tional methods are discussed, which are used in Sec. IMgken care of by normalization of the IPE spectra to hypo-
where we present our experimental and theoretical results. thetical 100% spin polarization. The IPE-relevant decay

summary is given in Sec. V. channel for the incoming electrons are radiative transitions
into lower-lying unoccupied states. The emitted photons are
[l. EXPERIMENTAL DETAILS detected by energy-selective GeigeridMucounters working

. as bandpass detectors. The bandpass is determined by the
The Fe110 surface was prepared as a 20-ML-thick bee photoionization threshold of the iodine used as counting gas

Fe film grown on a WL10 substrate. The Fe films were 5.4 e temperature-dependent transmission cutoff of the
evaporated at a growth rate of 1 ML/min from a rod that wasg,t \indows. The mean detection energies are 9.4 and 9.3
carefully cleaned by degasing at elevated temperatures. Tiég/ depending on the temperature of the Sefndow, which
cleaning process was continued over the whole experiment l’Jsed as a parameter to influence the energy re’soﬁftﬁ?n
period to ensure also the rem.ova_l of those bulk impuritigsrhe overall energy resolutiofFFWHM (full width at half '
that may have accumulated with time along the rod by dify, o yimum1] combining the electron energy distribution and

fusion. After the described degasing procedure the PréssUifie detector bandpass width amounts to about 0.4 and 0.3 eV,

ing fi i - 10
during film preparation stayed belowdl0 ™" mbar. Only ~ yoqhectively. Details about the spin-resolved IPE experiment
these careful preparation conditions ensured the appearan described elsewhehé®

of the electronic surface states that are described below. The
(110 surface of bcc Fe, undistorted by the lattice misfit of
the substrate, is observed for films thicker than 9 ML with
low-energy electron diffractiodLEED) in accordance with
earlier work®® IPE spectra show that the electronic bulk A. Electronic structure
states are fully developed in films with a thickness of more
than 15 ML. The substrate was held at room temperaturg,,
during the deposition of the first 8 ML and then slowly raised

to 5|5g fK' At tms te1r5npe_ra';ur_e the det%osnedf film ‘tNaSt aNnackagé?! Differently from Wu and Freeman, we have in-
nealed for another 1> min 10 IMprove the surface Structure.q|  jeq more atomic layers in the slab calculation. This, for

The upper thickness limit of th? ﬁlms investig_a_ted Is Setexample, allows the relaxation of the upper layer. We also
by the _thlckness—(_jepende.nt reorientation transition of th sed a generalized gradient aproximation after
magnetic easy axis. For film thicknesses of morelhan 2 erdew-Burke-Ernzerhtf for the exchange-correlation po-
ML, the easy axis switches in the film plane from ftie10]  tential. To our opinion, anuffin-tin sphere size of 2.0 a.u.
to the[001] direction due to the decreasing influence of thewas used there. The surface layer relaxation in the five Fe
surface anisotropy with film thickne§§.32This reorientation |ayers is necessary to achieve bulk electronic properties
transition can also be induced by adsorbates such as CO @§pin-resolved partial charges inside the spheres, density of
O, at thicknesses lower than 25 ML The interpretation of ~ states in the central layer with an acceptable convergency.
spin-resolved IPE spectra hinges on a defined angle betweee tried 9-layer and 10-layer slab calculations; the results of
the spin polarization of the impinging electrons and thethe latter seem to be more smooth with regard to layer-
sample magnetization. In the experiment, the spin polarizadependent properties and therefore will be discussed below.
tion of the electrons is a fixed parameter and is chosen tghe 10-layer slab supercell was constructed with the experi-
point into the[110] direction of the Fe films, which is also mental value for the unit cell of iroa=2.87 A and has a
fixed in space. To guarantee under these experimental condiimension of 26.70 A, that roughly corresponds to three
tions a spin polarization parallel to the remanent samplanissing layers separating two slab surfaces. The top layer
magnetization, the thickness of the investigated films had toelaxation was allowed in normal direction, which in conse-
be chosen<20 ML. The magnetic state of the sample wasquence resulted in an interlayer distance reduced by 12%.
investigated by spin-polarized secondary electron emissioiihe spacing between deeper layers was kept fixed to that in
(SPSEER using a focused electron beam for excitation and dhe bulk. Based on the estimated force field in deeper layers,
spin-polarization detectdspin-polarized LEED detectpfor ~ the second layer from the surface tends to relax slightly out-
analyzing the spin polarization of the emitted low-energywards, but we didn’t perform the full relaxation throughout
secondary electrons. The spin polarization of the secondare slab. The cutoff parameters for the plane-wave basis se-
electrons is a measure of the sample magnetizatiofiThe  lection Ry K na= 8.5 and for the charge-density Fourier ex-
remanent magnetization was found in a single-domain statpansionG,,,,=12.0 would be probably not yet sufficient for

Ill. THEORETICAL DETAILS

In our electronic structure analysis we use a slab geom-
y and the full-potential linearized augmented plane-wave
method(see, e.g., Ref. 40albeit implemented in the/EN97
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a more precise total-energy-based structure optimizationailed description of the matrix2? and of the multiple-
However, the band structure details, our primary concern argcattering coefficient€® andC® the reader again is referred

essentially converged with these cutoffs. to Ref. 60.
Within the last contributiorl*(e;,kj) one takes care of
B. Photoemission the surface of the semi-infinite crystal. In particular, it fol-

R L ... _lows for the surface part of the photocurrent:
In order to calculate relativistic photoemission intensities,

we start by solving the Dirac equation
15( e, k) Imf drFs(r)Aw(r), (4)
{cap+ Bc?+V(r)+ BoB(r)—E}¥(r)=0. D i
In this expressiorV(r) denotes the effective potential and
B(r) the eﬁectivg magnetic field3 is a 4X4 matrix, that \Iff(r):f dr'GJ(r,r )A*W3(r"). 5)
fulfills B2=1anda is a 4x 4 Dirac matrix, which is defined
by the 2<2 Pauli matricesry, [ay=o0,@0y,(k=X,y,z)].  Inthe case of a-dependent barrier potentisly=Vg(2), the

The Dirac equation itself can be obtained from the relativisdnitial- and final-state wave fields have to be calculated nu-
tic generalization of density-functional theory introduced bymerically in the surface region, as it has been shown by
Rajagopal and Callaw4yand Ramana and Rajagofallt  Grasset al®! Both wave fields¥(r) and¥$(r) can be de-
can be solved using the phase-functional ansatz ofomposed int@ dependent and corresponding parallel com-
Calogerd® generalized to the relativistic ca®**From this  ponents
solution it is easy to define the atomic scattering mdtrifor
a single ion-core potential together with the wave functions Sipy - _
for the initial and for the final state. The atomic scattering \P‘(r)_g ¢o(2)exilikiq (r =), ©)
matrix I" together with the crystal geometry determines the
scattering matrixM for a single layer. By means of layer- s ]
doubling techniques the so-called bulk-reflection matrix can VAN =2 xo2)exdi Kig (r=C)y ], @
be calculated, which gives the scattering properties of a ’
semi-infinite stack of layers. Finally, applying the SPLEED with the regular solutions of the Scliager equationg,
theory®~>®we are able to derive the final state and the initialand x4 to the reciprocal lattice vectog for Vg(z) in the
state for the semi-infinite crystal. According to Peridrwe  range—~<z<c,. The valuec, defines the point, where the
have four different contributions to the relativistic photocur- surface potential goes smoothly into the inner potential of the
rent, which will be introduced in the following. The atomic bulk crystal.
contribution is built up by a product between the matfix Final evaluation of the surface contribution gives
and the multiple-scattering coefficienssy,,, of the final
state. Hereim denote thenth cell of thejth layer andk, s iqr-c €z r gz
are the conventional relativistic indicesj. It foﬁows: g e ke Ing e HAfooc%VBXge vz @
whereA, is thez component of the amplitud&, andq is the
12(er kD= MY D AjneuZineunr wPnerar - (20 wave vector of the photon field. For a step bariiy(z)
N wepn w! =V,0(z—cq,), whereO is the unit step function, Pendry’s

- Y . resulP® will be reproducedV,, denotes the constant inner
For an explicit calculatior® - must be separated into angular ;

. . . potential of the bulk crystal.
mgtnx elem_enj[s and radial dquble matrix elements_. A de- At this stage some remarks concerning the computational
tailed description of the matrb2™ and of the multiple- details should be given. Lifetime effects in the final and ini-

scattering coefficientdj, ., is given in Ref. 60. The intén- tial states have been included in our analysis in a phenom-

ter)le_lyer contnputmns to_the photoc_ur_rgnt describe theenological way using a parametrized complex inner potential
multiple-scattering corrections of the initial state betwee

e . MY/ (E) =V, (E)+iV,(E). Herein the real par rv
and within the layers of the single crystal. They can be W”t're(;‘(erén ceor(en)ergy Oi%si)de fhi c:ystale a\NitFI)’la Eess(:)e;s t?)s tﬁe
ten in a similar form vacuum level. For the final and initial states constant imagi-
nary partsiVy(E,)=2.0 eV andiV,(E;)=0.01 eV have
m 2 B,G been chosen. The bulk potential that we used in the photo-
Mer ke m> 2> AinenZ i w Cinerr - (3) emission calculations rgsults from a tight-binding Iipnear
muffin-tin (TB-LMTO) method®?®3A realistic description of
HereinCB andC® denote the multiple-scattering coefficients the surface potential is given through a spin-dependent
of the initial state within a layer and between different layers.Rundgren-Malmstim  barrie®®  which  connects  the
Analogously the matrix2? can be separated into angular and asymptotic regime<z, to the bulk muffin-tin zerd/,, by a
radial parts. The difference to the atomic contribution is thathird-order polynomial inz, spanning the range,<z<zg.
the radial part of the matrix2? consists of radial single The effectivez-dependent surface barrie‘v%(“(z) for ma-
matrix elements instead of radial double integrals. For a dejority and minority spin are shown in Fig. 1. They are plotted

N e 1!
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FIG. 1. Spin-dependent barrier potentials for(Bd&) from
analysis of inverse-photoemission data. The majority and minority o )
potential curves are shown as solid and dashed lines, respectively, F1G- 2. Spin-integrateda) and spin-resolved IPE spectth)
The originz=0, marked by the dot-dashed line represents the cenPtained from a 20-ML-thick F&10) film on W(110). The photon

ter of the first row of atoms(For details see tet. takeoff angle wagr=35°.

. S IV. RESULTS
with respect to the vacuum leveEl ,.=0.0 eV utilizing the

value of the work functionp=5.1 eV The zero of thez A. Spectroscopic measurements

scale lies in the uppermost layer of atoms. {.As mentioned |n Figs. 2 and 3, we present our spin-integrated and spin-

above, V{(z) are of the Rundgren-Malmswmo (RM) resolved IPE data of the clean (E&0) surface. The spectra

type® For the real parts we have were taken for normal electron incidence at two different

photon takeoff anglear=35° (Fig. 2) and «a=70° (Fig. 3).

The spin-integrated spectra are shown in Figa),B(a) and

the spin-resolved spectra in Figs(b? 3(b). The spin-

integrated data exhibit three distinct spectral features. The

" first one is located in energy just above the Fermi level, the

So second one at 1.8 eV, and the third one at about 4.5 eV above
s|W(z—z M)+ Er. More detailed information is obtained from the spin-

{ S1 A 9 . . oo SP

N T2 resolved data. The spin resolution allows us to identify five
Sy (z—zp )t

(1
Z(Z_ZlT(l))—l, 7< 7l <7/

VE(2)

denote the position of the classical spin-dependent image

T (57— 71143 1(1) (1) . .
S 72—7 , ' <z<z 10F
3 ( A) A E 0 & Fe(110) -T a=70°
\ Vor. 2>z, = /.\ ho=9.3eV
g Il
The imaginary part of the barrier potential has been set to g 4 ? \\
zero avoiding the introduction of additional parametefé@ o5 ol / . e
= * .
£ / \‘\-_‘-’
J

planes. The polynomial coefficiens§'"),s]V),s)(1) sl() are ot
fixed through the requirement of continuity and differentia- T b j\v
bility for Vi (2). €8 / \ i

In order to exclude artificial parametrizations for the sur- g 6r v
face barrier, we followed the procedure described in detail in i': al .’“‘\
Ref. 15. The values of the three parametgrsz,, andzg 3 Y o
that finally lead to a quantitative agreement between the *E" 2 v/[ %%W
measured and the calculated spectra are the foIIovxziﬁ{if: ~ of & , , , , ,
=-2.00 (—2.15) a.u., z\Y=-3.70 (—3.85) a.u., and o 1 2 3 4 5

zL)=—-0.30 (—0.45) a.u.. The calculated intensity distri- E-ErleV)

butions have been multiplied with the Fermi function and g\ 3. spin-integrateda) and spin-resolved IPE spectth)

convoluted with a Gaussian of FWHM0.45 (0.35) eV 0 gptained from a 20-ML-thick F10) film on W(110).The photon
account for the finite resolution of the experiment. takeoff angle wasgy=70°.
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FIG. 4. Spin-resolved inverse-photoemission spectra for normal FIG. 5. Spin-resolved inverse-photoemission spectra for normal
electron incidence on FE&L0). Spectra of the clean surface and of electron incidence on F&LO. Spectra of the clean surface and of
the surface exposed to 6 L of,Hneasured fow=35° (a). Corre-  the surface exposed to 6 L of,Hneasured fow=70° (a). Corre-
sponding difference spectt). sponding difference spectt).

spectral features instead of three. The peak located just abo¥ Dempseyet al. who used a tight-binding scheme with
tral feature. The second one is of pure minority character anfin€ details of the band structure may be slightly different in
is easily explained as minorityd-band emission. The mModern calculations, the thorough discussion about the sym-
exchange-split peaks at about 4.5 eV above the Fermi levénelry composition of different bands in Ref. 23 are still use-
are the well-known spin partners of the- 1 image-potential  ful- Freeman and Fu reviewed in Ref. 66 their calculations
surface staté® done with the full-potential linearized augmented plane-

The features close to the Fermi level appear at slightiyvave method on R&10, among other 8 metal surfaces.
different energies for spin-up an spin-down electrons. Theirl hey used a 9-layer slab and found an enhancement of local
origin is investigated by exposing the surface to hydrogenMagnetic moments towards the surface, from 2.42n the
CO turned out to be not a suitable test adsorbate because, Ik t0 2.654.5 in the upper layer. Wu and Freenférpre-
contrast to experiments with the (411 (Ref. 5 and sented later a more detailed account of magnetism at the
Co(0001) (Ref. 15 surfaces, it quenches the butkband Fe(110 surface, based however on a calculation for a 7-layer
emission as well. 6 L of Kido not affect the minority bulk ~ Slab. In Ref. 25 the_authors interpreted their spin-resolyed
emission but influence the features closeSioin an eluci- photoemls_smn dat_a in terms of a 23-layer sllab calculation.
dating way. The minority peak disappears completely whileT© Start with t_he dls_cussmn of surfape §peC|f|c features and
the majority peak is only partially quenched. The remainingtheir energy dispersion, we present in Fig. 6 the well-known
majority feature is attributed to majority butk bands. The —Pand structure of bcc irofthick dotg along with the addi-
spin-resolved spectra of the clean surféselid and dashed tional bands(thin dotg, which appear due to a folding into
lines together with the spectra of the surface exposed tdhe two times smaller Brillouin zoneBZ) of the orthorhom-
hydrogen are shown in Figs(a} and Fa) for two different bic structure. The unit cell of the latter one is spanned by,
photon takeoff angles. The corresponding difference spectr®,.g., [110], [001], and [110]. In consequence, it corre-
representing the surface-sensitive features, are displayed $§ponds to pairwise repeatétll0) planes. Therefore, the slab
Figs. 4b) and Fig. §b). They reveal a minority structure and unit cell is constructed by these pairs. Taking into account
a smaller majority peak with a peculiar asymmetric linemore and more pairs of these planes, the Brillouin zone gets
shape. The majority peak maximum appears at slightlythinner and ultimately becomes two dimensional. The shape
higher energy than the maximum of the minority peak. Thisand the labeling of the bulkbcc) and the surfac€l10) Bril-
observation is in contrast to the expectation of a simple spintouin zone is shown in the inset. Additionally to the bulk-
split surface state with the minority-spin part higher in en-related labeling of the high-symmetry lines in the bulk Bril-
ergy than the majority part. louin zone, which is shown on the top of Fig. 6, the SBZ
related labeling is visible at the bottom.

When analyzing the band dispersion in the supercell, we
singled out projections of each eigenvector onto states with

The electronic structure of FELO) has been calculated on different angular momentum inside the muffin-tin radii, and
several occasions earlier. The energy bands of a thin filngorrespondingly onto plane waves in the interstitial region.
(represented by a 29-layer s)diave been calculated in 1976 The contributions related to the Fkstates in the surface

B. Electronic slab calculations
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FIG. 6. Band structure of bcc iron, mapped onto the bcc bulk
Brillouin zone (thick doty and onto the orthorhombic Brillouin
zone, corresponding to pairwise repeatédO) planes(thick and
thin dotg. Inset: Brillouin zone of the bcc lattice and of the bcc
(110 surface.

! ¢

layer are emphasized in Fig. 7 by the sizes of the dots. The —61—L——>1 - 1 P— s -

most pronounced top-layer Fecontributions appear in sev- N H r N NH r N

eral b_ands in the V_'C'n'ty of the Fermi level. Thes_e bands FIG. 7. Energy-band dispersion in the 10-layer supercell, with
contain no contributions from deeper Fe layers, but instead ge ypper layer relaxed by 12% inwards. Dot sizes indicate contri-
noticeable fraction coming from the states in the interstitialyytions from the surface Fe atoms.

region. This fact is not really surprising, since the Fe muffin-

tin spheres used in the calculation are relatively small. There-

fore, one can identify the bands in question as essentialgsz’ ‘?'26' and 2.2&%Thgse v(lellues agreehwell Wit.h the
surface states. Specifically, in the minority-spin channel, w ata of Freeman and Flfor inner layers, but the magnitude

speak about two bands going upwards from the Fermi Ieveﬁgwiumaggsestg dmorr:k?;kglona;hs cS(L)JrlaeceuieSni(r;‘eO(l)Jfrir?\?vzer dS?er?z;;
along thel'-N direction, and another band that runs upwards PP P y d

from Er along I'-H-N. Similar features, shifted in energy,

can be seen in the majority-spin chaniiglg. 7 left panel. 4r intersitial I Fe3
Such surface states appear as well in the projected band 2M
structures calculated by the scattering-wave formaligth- 0 et

out any additionally imposed surface barrier. This point will ZWW i W

be discussed in more detail in the following section. One
should notice, however, that all surface states that we found o R . [ ..
from the slab calculation are located in energy well below

the Fermi level when concentrating on the vicinitylofi.e.,
restricting to normal electron incidence. As it has been dis-
cussed above, this result is in agreement with former inves-
tigations on FEL10). On the other hand our inverse photo-

4\[’

4r Fé1 (surface) i Fed

\__

| W*\/” W

states (eV")
(=]

%IT

emission data, obtained in normal electron incidence, reveal 4t

strong intensity distributions for energids=Eg, which

should be related to surface features. The partial densities of 4r Fe2 r Fe5 (bulk)
states(DOS), resolved over Fe layers, are shown in Fig. 8. 2t

They have much in common with the results of Ref. 67. The 0 \__

DOS in the inner layers is well converged to that in the bulk, , w I w

but the surface DOS is, however, markedly different: the

shoulder at the Fermi level in the majority-spin DOS be- [ . ! [ .

comes less pronounced, and the dips separating a prominent A AV
nergy (eV)

upper peak of the bcc structure are smeared out. The mag-

netic moments increase towards the surface; their values re- FIG. 8. Local densities of states in the supercell, resolved by

lated to muffin-tin spheres of FB to Fg5) are 2.47, 2.29, (110 layers.
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FIG. 9. Normal emission spectra calculated for light detection . . .
anglesa=35° () and @=70° (b). (c) and (d) as (a) and (b) but FIG. 10. Calculated spectra r_esgltlng from spherlcgl averaging
multiplied with the Fermi function at room temperature and convo-°V®" ﬂle anglel =6 OOf electron incidence. Light detectlop gngles
luted with Gaussians of FWHMO0.45 (0.35) eV. a=35° (@) anda=70° (b). (c) and(d) as(a) and(b) but multiplied

with the Fermi function at room temperature and convoluted with

. . . o . .. Gaussians of FWHM 0.45 (0.35) eV.
ation we take into account. The spin density in the interstitial

region (and outside the crystais slightly antiparallel, sum- o o ]
ming up to—0.11 g . A slight antiparallel magnetization in tween the majority and minority part of the surface state is

the vacuum region close to the surface has been already meflore or less interchanged in the theoretical analysis.
tioned by Wu and Freeman. To overcome these deficiencies we recalculated the spec-

tra taking into acount the finite experimental angular resolu-
tion in the electron incidence. In particular, we calculated
C. One-step calculations spherically averaged spectra considering a cone of electron
A detailed theoretical analysis within the one-step modeincidence, which corresponds 10¢=6°. The resulting raw
of inverse photoemission gives us the following unexpecte@pectra are shown in Figs. (H)and 1@b) for the two photon
result. There is a surface structure just above the Fermi levéfkeoff angles. A minority surface structure is visible, which
with the majority part lying lower in energy than the minor- disperses slightly to lower energies with increastg There
ity ones. This is shown in Figs(& and 9b) for both photon is also a majority surface state found, lower in energ¥ at
takeoff angles. The soli(tdashedl lines represent the major- which, however, disperses to higher energies while losing
ity (minority) parts of the total intensity distribution. Because spectral weight. This dispersion behavior is consistent with
of the strong amount of surface emission the minadityand  IPE data for off-normal electron incidené®&According to
transition has been increased by a factor of 2. At first one caour calculations, in certain directions of the surface Brillouin
observe that the majority part of the surface structure dezone, the majority state even splits into two states with dif-
pends much more on the angle of light detection than théerent dispersion behavior. The expected scenario with one
minority bulk peak does. The latter one is only slightly af- pair of spin states is not valid for Fe with its large spin
fected by a change of the detector angle. The majority feasplitting compared with the bandwidth. Hybridization be-
ture exhibits a pronounced increase of spectral weight whetween's, p, and d states with their different spin splitting
increasing the component of the vector potential,, i.e.,  results in a band order that is different for the two spin sys-
switching froma=35° to a=70°. The minority part of the tems and so are the conditions for surface states to form.
unoccupied surface peak does not depend so strongly, on  With the assumption of a small, but finite angular distribu-
indicating different symmetry properties of these two struc-tion of the incoming electrons, the high-energy wing of the
tures. A quantitative comparison with the experimental dataobserved majority spectral feature is explained to be caused
requires a multiplication of the calculated raw spectra withby the positive dispersion behavior of the surface state. This
the Fermi function. Also the convolution with a Gaussian isis clearly visible in Figs. 1&) and 1Qd), in which we show
appropriate in order to simulate the finite experimental enthe raw spectra multiplied by the Fermi function and convo-
ergy resolution. The final result is shown in Figgc)9and  luted with a Gaussian of FWHMO0.45 (0.35) eV. Also the
9(d). It is clearly observable from these figures that still somepuzzle connected with the intensities of the majority and
discrepancies with the experiment exist. The exchange splitminority surface emissions is solved by taking into account a
ting A.,=0.25 eV calculated for normal electron incidence finite angular resolution in the theoretical analysis. Last but
is not in agreement with the slightly reversed spin splittingnot least, the exchange splitting calculated for normal elec-
observed experimentally. Also, the relative intensities, whichtron incidence completly vanishes in the spherically aver-
we obtained for the two spin channels do not reflect theaged spectra. Even the experimental finding of an almost
experimental findings. For example, the intensity ratio bereversed spin splitting looks reasonable.
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majority spin minority spin persion behavior of crystal-induced and image-potential-
P w induced surface structures. The result is shown in Fig. 11 for
L sS4 !,' [11; the majority-spin channel as well as for the minority-spin
) ”’I"‘ channel. The bulk bands of Fe projected alonglthedirec-
. tion of the surface Brillouin zone have been visualized by the
s, &' shaded regions. The dispersion of surface-related features
5 f:"::" with k| is indicated by solid circles. From these figures the
= S1 situation becomes more clear. In accordance with our elec-
- i tronic slab calculation and with former_investigqti%‘i’lm
A "5:33 '”334 ,.'ff//S b_oth spin channels, a surface feature disperses in the occu-
o ._...SSE ,m.'a’l'llm pied region of the projected bulk band structure. Moreover, a
WMt direct comparison between Figs. 7 and 11, i.e., between the
S</ ( slab calculation and the layer—Korringa-Kohn-Rostoker cal-
culation, reveal a quantitative agreement in the dispersion
4 behavior of this spin-split surface state. As a guide to the eye,
B Sy we marked these featqres by surrqunding them with rectan-
I ' ' R gular frames and labeling them IS/in Figs. 7 and 11. The

majority peak, which is located in energy at ab@@

FIG. 11. Projected bulk band structure for majorllgft pane)  _ 5 g v/ 4" disperses to lower binding energies when ap-
and minority-spin charactefright pane] along I'N direction. proaching theN point. A similar feature, also denoted I8y
Shaded regions represent bulk states. Filled black circles represepb s peen obtained in the minority channel. This peak starts

surface featuresS; andS, denote first and second image potential T atEL=1.0 eV and also di ds i
states S denotes an occupied surface state. The features denoted &Pm atEz=1.0 eV and also disperses upwards in energy.

SS, SS, SS, andS$, have been identified as surface resonances.  1he first and second image-potential states denotes by
and S, can be easily identified by their free-electron-like

Although the agreement between experiment and theord'Spers'on' They ‘are totally unqccup|¢d, pinned to the
acuum level, and concentrated with their wave functions in

s quantitative in the spectroscopi(_:al Sense, some questior‘%m of the outermost atomic layer. The exchange splitting
which are connected to the physical origin of this surfacefor the first image-potential state has been calculated to be

structure, need to be discussed in more detail. None of thg - ; . .
surface-related structures, which we measured aBayeoc- ex= 80 meVin reasonable agreement with th_e experimen-
' tal value of A,,=57 meV® It should be mentioned here

cur in the electronic structure calculation. On the other hand ) )
. : . that the parameters for the spin-dependent surface barrier had
they dominate the spectroscopic results. The explanation f

. . . ! o 95 be chosen in such a way that they compensate to a certain
this peculiarity can be given in terms of a realistic surface

potential, which we only introduced in the Spectroscopicamount the bulk-induced splitting. Otherwise the calculated

analysis. This is because a self-consistent slab calculatio ,pm splitting in the crystal induced as well as in the image-

which accurately takes care of a realistic surface barrier, i_epotennal-mduc_:ed surface states would be overestimated by
the theory. This surprising result is in perfect agreement with

of a surface barrier with the correct image potential behavior . ) 71

: o former analysis of Inglesfield and co-workers oi(14€).

' by no means a trivial task and not yet generally solved. | hey found that the effect of spin polarization in the surface

is known for a long time that the local-density approxima- ylo pin p S
?arrler is rather small and opposite to the bulk contribution.

tion, and probably gradient-corrected schemes as well, ar n explanation for this unexpected potential arrangement at
not able to provide the correct asymptotics of a potential b P P 9

i ,we F&110 surface had been given in terms of a negative
away from the crystal surface. This is not, however, a general__: k .
spin density of surface electrons at the Fermi level.

shortcoming of the density-functional theory. It has been In addition to the image-potential surface states, our cal-

demonstrated, e.g., by Gunnarssenal>*™ that in the culations exhibit resonancelike structures in both spin chan-
weighted-density approximation, a model function describ- ls, which we denoted b§S ,5. For normal electron

ing the shape of the exchange-correlation hole can be tune_rbe. } i ]
in such a way as to fulfil several physically important limit- incidence, i.e., al’, it turns out that the most important ones
ing conditions, including the 2/asymptotics of the potential ar¢S$ andSS because these features dominate the spin-
outside a solid surface. Thab initio calculations incorporat- resolved inverse-photoemission spectra just aldéye The
ing the weighted-density approximation remain, howeverspectral weight oSS is very small compared with that of
relatively rare and have not yet been, to our knowledge, apS$ and SS and in fact it is not separable from the bulk
plied to the study of surface-related states. So famdimoc  d-band emission, neither in photoelectron spectroscopy nor
adjustment of the potential barrier near the surface remaini# inverse photoemission. The resonancelike features de-
an arguably workable alternative. noted bySS and SS, can also strongly contribute to the

In principle, the situation restricts us in a reliable descrip-total intensity distributions but only for higher angles of elec-
tion of the surface electronic structure. Fortunately, fortron incidence(emission. This point, of course, has to be
Fe(110 the problem is solvable since we were able to con-confirmed by future experimental investigations. Last but not
struct a realistic surface barrier from the spectroscopic datdeast, the peculiar dispersion behavior observedSi§r and
This z-dependent potential may be used to calculate the disSS in the calculated spectra becomes quite clear. Due to the
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spin-dependent band order in Fe, the spin-dependent surfaperities had to be cleaned. In other words, one needs a very
featuresSS andS S have quite different band character and clean and well-prepared surface to be able to detect a reso-
cannot be viewed as spin partners any more. In the majoritpancelike structure. In addition one has to keep in mind that
channel,SS is located highest in energy comparedS& the resonance observed on(CRO0) is essentially o6 p char-

and S and therefore disperses unhindered fremat T to ~ acter, whereas the resonances, which we found ¢f1Be
higher energies along the gap boundary. As a consequence@i mainly related to relatively narrod bands dispersing
pronounced dispersion to higher energies can be detecte@found the Fermi level. This explains why the intensity dis-
The situation turns out to be completely different in thetribution of the resonancelike feature on Fe is much more
minority-spin channel. As it has been observed from the thePronounced than on Cu, even dominating the spectral distri-
oretical analysisS S is located in energy betwe@andS S _bution _atF against th.e qrdinary bulld-band emission in.

in the vicinity of T BetweenSS and the gap boundary iron. Smc.e t[hIS behavior is not expected to be an exclusive
exists a distance in energy of about 2.5 eV. Also, the smalfharacteristics of Fe, corresponding analyses for other ele-

—. . ments are under way.
gap observable at AN is more or less located in energy at y
Er . Taking into account the three points discussed above, it
becomes understandable that the surface fes®8e dis- V. SUMMARY

perses slightly downwards in energy wkh. To learn more In our study on FEL10), we have observed a complex
about the symmetry character 88§ we repeated the spec- gyrface-state behavior at a magnetic surface. In addition to
troscopic calculations without consideridgtates. This pro-  the minorityd-band transition and the exchange-split, image-
cedure keepS$ alive, but with a switch from negative to potential state, a third structure was observed oflF®
positive dispersion such &S,. This means, the negative |ocated in energy just above the Fermi level. This peak, iden-
dispersion behavior is forced by the existence ofdietates tified as a surface resonance, reveals an unexpected spin
appearing in the minority channel at these energies. splitting and a peculiar dispersion behavior. Due to the spin-
Kim et al® recently reported on two surface-sensitive dependent energetic band order in Fe, the two surface fea-
structures, which they observed in a spin-polarized phototures have quite different band characters and cannot be
emission study on F&10 along thel'S symmetry line. The viewed as spin partners any more. Since slab calculations do
interpretation was given in terms of an increased chargenot include a realistic surface barrier yet, they could not re-
density distribution in the first two layers of a 23-layer slabproduce the experimentally observed features. One-step
representing F&10). These findings definitely support our model calculations including a realistic surface barrier with
results because an increased charge density in the surfaparameters given from the experiment are able to model the
region may serve as a hint for the existence of surfaceexperimentally observed situation. Since, however, only slab
sensitive structures such as resonances. Nevertheless, a caralculations can provide layer-dependent magnetic moments,
plete description of surface resonances is closely connectdtl is not possible to draw a conclusion about a possible
with the presence of a realistic surface barffewhich was  surface-state contribution to the surface magnetic moment of
not considered in the slab calculation shown in Ref. 25.  Fe&(110 at this stage. Combined experimental investigations
Our theoretical analysis indubitably shows that the surbelow and above the Fermi level are needed to learn more
face electronic structure of ferromagnetic(E8) not only  about the impact of surface states on the magnetic behavior
depends on the bulk- or slab-potential properties. On thef surfaces. Our study shows that layer-dependent, spin-
contrary, it is dominated by the shape of a realistic surfacelensity calculations that include a realistic surface potential
barrier. One point should be emphasized: for a variety ofire necessary to describe the surface magnetic properties on
semi-infinite crystalline materials surface states have beeife basis of the spin-dependent electronic structure.
found but only for a few systems such as(000) detailed
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